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Introduction
Pathogenic bacteria are often capable of infecting multiple host species (Faruque et al., 1998; Salanoubat et al., 2002; He et al., 2004; Seshadri et al., 2006; Defoirdt et al., 2007) . This will require some level of flexibility in sensing of and responding to the environment since the bacteria will experience different environmental conditions in different hosts (especially when these are distantly related). One of the regulatory mechanisms involved in interacting with the environment is quorum sensing, a mechanism in which bacteria coordinate the expression of certain genes in response to the presence of small signal molecules (Hense et al., 2007) . Quorum sensing systems have been reported to regulate the expression of virulence genes in many pathogenic bacteria, and many of them use different signal molecules to regulate virulence gene expression (Jayaraman and Wood, 2008; Ng and Bassler, 2009 ). However, it is often not clear why different signals are used, especially when they are controlling the same virulence factors and when they are using a common signal transduction cascade, as is the case in vibrios (Milton, 2006) .
Vibrio campbellii BB120 (=ATCC BAA-1116; previously designated Vibrio harveyi (Lin et al., 2010) ) and closely related bacteria are amongst the most important pathogens of aquatic organisms, causing significant losses in the aquaculture industry worldwide (Ruwandeepika et al., 2012) . These pathogens can infect multiple hosts belonging Pathogenic bacteria communicate with small signal molecules in a process called quorum sensing, and they often use different signal molecules to regulate virulence gene expression. Vibrio campbellii, one of the major pathogens of aquatic organisms, regulates virulence gene expression by a three channel quorum sensing system. Here we show that although they use a common signal transduction cascade, the signal molecules have a different impact on the virulence of the bacterium towards different hosts, i.e. the brine shrimp Artemia franciscana and the commercially important giant freshwater prawn Macrobrachium rosenbergii. These results suggest that the use of multiple types of signal molecules to regulate virulence gene expression is one of the features that allow bacteria to infect different hosts. Our findings emphasize that it is highly important to study the efficacy of quorum sensing inhibitors as novel biocontrol agents under conditions that are as close as possible to the clinical situation.
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to distantly related taxa, ranging from mollusks over crustaceans to fish (Defoirdt et al., 2007) . The species is also one of the model organisms in studies on quorum sensing in bacteria (Ng and Bassler, 2009 ). V. campbellii BB120 contains a three-channel quorum sensing system, with three different types of signal molecules (HAI-1, AI-2 and CAI-1, respectively) feeding a common signal transduction cascade (Fig. 1 ). HAI-1, harveyi autoinducer-1, is 3hydroxybutanoyl-L-homoserine lactone; AI-2, autoinducer-2, is the furanosyl borate diester 3A-methyl-5,6-dihydrofuro(2,3-D)(1,3,2)diox-aborole-2,2,6,6A-tetraol; and CAI-1, cholerae autoinducer-1, is (Z)-3-aminoundec-2-en-4-one (Ng and Bassler, 2009; Ng et al., 2011) . V. campbellii quorum sensing has been documented to control the expression of different virulence genes, including vhp metalloprotease (Mok et al., 2003; Ruwandeepika et al., 2011) , a siderophore (Lilley and Bassler, 2000) , type III secretion system components (Henke and Bassler, 2004a) , chitinase A and three phospholipase genes (Natrah et al., 2011) . We previously reported that AI-2 and CAI-1, but not HAI-1, are needed for full virulence of this bacterium towards brine shrimp larvae (Defoirdt et al., 2005; Defoirdt and Sorgeloos, 2012) . Here, we report that HAI-1 and AI-2, but not CAI-1, are needed for full virulence towards the commercially important giant freshwater prawn Macrobrachium rosenbergii. These data suggest that the use of different types of signal molecules to regulate virulence gene expression is one of the features that allow bacteria to infect different hosts.
Materials and methods
2.1. Bacterial strains and growth conditions V. campbellii strains used in this study are described in Table 1 . All strains were stored at À80 8C in 40% glycerol and the stocks were streaked onto Luria-Bertani agar containing 12 g l À1 Instant Ocean synthetic sea salt (Aquarium Systems Inc., Sarrebourg, France) (LB 12 ) or 35 g l À1 Instant Ocean (LB 35 ) for use in giant freshwater prawn and brine shrimp, respectively. After 24 h of incubation at 28 8C, a single colony was inoculated into 5 ml fresh LB broth with appropriate salinity and incubated overnight at 28 8C under constant agitation (100 min À1 ).
Selection of rifampicin resistant mutants of V. campbellii BB120 and MM77
100 ml of densely grown cultures of BB120 and MM77 (OD 600 of 1) were inoculated into tubes containing 5 ml of fresh LB 12 broth supplemented with 50 mg l À1 rifampicin (Sigma) and incubated for 5 days at 28 8C under constant agitation (100 min À1 ). The grown cultures were inoculated into fresh LB 12 broth with 50 mg l À1 rifampicin and incubated overnight. The grown cultures were stored at À80 8C in 40% glycerol until use.
Signal molecules
HAI-1, N-3-hydroxybutanoyl-L-homoserine lactone (Sigma) was dissolved in distilled water at 1000 mg l À1 . AI-2 precursor (S)-4,5-dihydroxy-2,3-pentadione (DPD) was obtained from OMM Scientific Inc. (Dallas, Texas, USA).
Axenic hatching of brine shrimp
Decapsulation and hatching of axenic brine shrimp was performed as described previously (Defoirdt et al., 2005) , with some modifications. Briefly, 200 mg cysts (Ocean Nutrition Europe, Essen, Belgium) were hydrated in a 50 ml tube containing 18 ml distilled water for 1 h. Sterile cysts were obtained via decapsulation using 660 ml NaOH (32%) and 10 ml NaOCl (50%). The suspension was gently shaken under a laminar flow hood. The reaction was stopped after 2 min by adding 14 ml Na 2 S 2 O 3 (10 g l À1 ). The decapsulated cysts were washed with fresh autoclaved synthetic sea water (35 g l À1 Instant Ocean) over a 100 mm sieve and transferred to two sterile 50 ml tubes, each containing Henke and Bassler (2004b) 30 ml sterile synthetic sea water. The tubes with decapsulated cysts were incubated at 28 8C for 24 h on a rotor under constant light. For brine shrimp larvae to be used as feed for giant river prawn larvae, brackish water (12 g l À1 Instant Ocean) was used.
Brine shrimp challenge test
The brine shrimp challenge test was performed as described previously (Defoirdt et al., 2006) . Briefly, the shrimp were cultured in groups of 20 larvae in glass tubes containing 10 ml synthetic sea water (35 g l À1 Instant Ocean). The larvae were fed an autoclaved suspension of Aeromonas sp. LVS3 bacteria at 10 7 cells ml À1 and V. campbellii strains were added at 10 5 CFU ml À1 .
Giant river prawn challenge tests
Two different prawn broodstocks were maintained at our laboratory (further denoted broodstock 1 and 2, respectively). Prawn broodstock maintenance was performed according to Cavalli et al. (2001) and water quality parameters were adjusted according to New (2003) . The larvae were obtained from a single oviparous female breeder. A matured female which had just completed its pre-mating moult was mated with a hard-shelled male as described before (Baruah et al., 2009 ). The female with fertilized eggs was then maintained for 20-25 days to undergo embryonic development. When the eggs were fully ripe (indicated by dark grey colour), the female was transferred to a hatching tank (30 l) containing slightly brackish water (6 g l À1 Instant Ocean). The water temperature was maintained at 28 8C by a thermostat heater. The newly hatched larvae with yolk were left for 24 h in the hatching tank. The next day, prawn larvae with absorbed yolk were distributed in groups of 25 larvae in 200 ml glass cones containing 100 ml fresh autoclaved brackish water (12 g l À1 Instant Ocean). The glass cones were placed in a water bath maintained at 28 8C and was provided with aeration. The larvae were fed daily with 5 brine shrimp larvae/prawn larva and acclimatized to the experimental conditions for 24 h. During the experiments, water quality parameters were kept at minimum 5 mg l À1 dissolved oxygen, maximum 0.5 mg l À1 ammonium-N and maximum 0.05 mg l À1 nitrite-N. Prawn larvae were challenged with V. campbellii by adding the strains at 10 6 CFU ml À1 to the culture water on the day after first feeding. Signal molecules were also added to the culture water on the day after first feeding. Survival was counted daily in the treatment challenged to wild type V. campbellii and the challenge test was stopped when more than 50% mortality was achieved in this treatment (in order to have enough larvae remaining for the growth measurement). At this time point, larval survival was determined in all treatments by considering that only those larvae presenting movement of appendages were alive. The growth parameter larval stage index (LSI) was determined according to Maddox and Manzi (1976) on 5 randomly sampled larvae from each cone.
Determination of V. campbellii levels in the prawn larval gut and the culture water
In the challenge test using the rifampicin resistant mutants, larvae and water samples were collected twice, on day 5 and day 8. Three samples of 10 larvae were taken at random and were collected on sterile 500 mm sieves.
The animals were anaesthetized in a 0.1% benzocaine solution (Sigma) for 10 s. Surface bacteria were removed according to Nhan et al. (2010) by immersing the samples in a 0.1% benzalkonium chloride solution (Sigma) for 10 s and then rinsing them three times with sterile brackish water. The larvae were then transferred into sterile plastic bags containing 4 ml of brackish water and homogenized for 60 s using a stomacher machine, as described by Nhan et al. (2010) . Subsequently, the samples were serially diluted, plated on LB 12 agar containing 100 mg l À1 rifampicin and incubated for 48 h at 28 8C.
Statistical data analysis
Statistical analyses were performed using the SPSS software, version 20. The giant freshwater prawn survival data were arcsin transformed in order to satisfy normal distribution and homoscedasticity requirements.
Results

The impact of V. campbellii quorum sensing on survival of brine shrimp larvae
In a first experiment, we challenged brine shrimp larvae with V. campbellii wild type strain BB120 and different quorum sensing mutants defective for signal molecule production. Consistent with our previous reports (Defoirdt et al., 2005; Defoirdt and Sorgeloos, 2012) , the AI-2 and CAI-1 deficient mutants were significantly less virulent than the wild type, whereas the HAI-1 deficient mutant was as virulent as the wild type ( Fig. 2A) .
The impact of V. campbellii quorum sensing on survival and growth of giant freshwater prawn larvae
In further experiments, we challenged giant freshwater prawn larvae to the V. campbellii wild type and the signal molecule deficient mutants. The wild type BB120 was found to be pathogenic to the prawn larvae as it caused significant mortality to larvae originating from both broodstocks maintained in our laboratory. The mortality of larvae originating from broodstock 1 that were challenged to the wild type reached the 50% level after 5 days of challenge (Fig. 2B) . The larvae of broodstock 2 were stronger than those originating from broodstock 1 as it took 8 days of challenge with the wild type strain to reach the 50% mortality level (Fig. 2C) . Further, the HAI-1 and AI-2 deficient mutants showed a significantly decreased virulence to larvae from both broodstocks ( Fig. 2B and C) . Addition of the signal molecules together with the synthase mutants restored the virulence of the mutants (Fig. 2B and C) , whereas the signal molecules had no effect on the survival of non-challenged larvae (survival was 72 AE 3% and 74 AE 14% for HAI-1 and AI-2, respectively, versus 60 AE 11% in untreated larvae). In contrast to the HAI-1 and AI-2 deficient mutants, significant mortality (similar to that caused by the wild type) was observed in prawn larvae challenged with the CAI-1 deficient mutant ( Fig. 2B and C) . Finally, none of the strains affected growth of the surviving larvae (data not shown).
Impact of quorum sensing on V. campbellii density in the giant freshwater prawn larval gut and culture water
In order to be able to distinguish V. campbellii strains added to the prawn cultures from the natural microbiota associated with the cultures, we used rifampicin resistant mutants of the wild type and the HAI-1 and AI-2 synthase double mutant MM77. These strains were used to challenge larvae originating from broodstock 2 and showed a similar virulence as observed for their nonresistant counterparts. Mortality of larvae challenged to the wild type reached the 50% level after 8 days of challenge and was significantly higher than that of larvae challenged to the HAI-1 and AI-2 deficient mutant. Addition of the signal molecules together with the double mutant restored its virulence (Fig. 2D) . Although the V. campbellii density showed a gradual increase as the challenge period progressed, the levels inside the larval gut or culture water were not significantly different between the wild type and the HAI-1 and AI-2 double mutant MM77 (Table 2) .
Discussion
V. campbellii, one of the major pathogens of aquatic animals, uses a three-channel quorum sensing system to regulate virulence gene expression (Defoirdt et al., 2007; Ruwandeepika et al., 2012) . The data presented in this paper show that although they feed a common signal transduction cascade, the three different quorum sensing signal molecules produced by the bacterium have a different impact on its virulence towards different crustacean hosts. AI-2 and CAI-1 are needed for full virulence of the pathogen towards brine shrimp larvae, whereas HAI-1 has no effect. In contrast, HAI-1 and AI-2 are needed for full virulence towards giant freshwater prawn larvae, whereas CAI-1 has no effect in this host. We propose three different mechanisms that either alone or together might explain the apparent discrepancy between the fact that the receptors of the three signal molecules have been reported to feed a common signal transduction cascade and the fact that the signals have a different impact on virulence towards different hosts. First, the molecules can have a different stability in different environments (and thus in different hosts). For instance, short side chain acylhomoserine lactones (such as V. campbellii HAI-1) have been reported to have low stability at pH values above 8 (Byers et al., 2002; Yates et al., 2002) . Alkaline hydrolysis of the lactone ring of the HAI-1 signal might explain its inactivity in the brine shrimp host which is cultured in sea water (pH ! 8). Another possibility might be that the hosts produce enzymes that can inactivate (one of) the signal molecules. Acylhomoserine lactone inactivating enzyme activity for instance, has been reported in different higher organisms (Dong et al., 2007) . A second possible explanation is that the expression of signal molecule synthases and/or receptors might be different in different environments. Indeed, Teng et al. (2011) recently reported that V. campbellii can alter the ratio between the signal molecule receptors, allowing cells to pay more attention to one of the signals under certain conditions. A third possibility is that there might be not yet identified signal transduction cascades that are not affected by all three signals. We recently reported that the expression of a V. campbellii hemolysin gene (vhh) is decreased in an AI-2 deficient mutant and an AI-2 receptor (luxP) mutant, whereas it is not in a mutant in which the known signal transduction cascade is inactivated . This suggests that there might be an additional signal transduction cascade that is only affected by AI-2. Many pathogenic bacteria use different quorum sensing signal molecules to regulate virulence gene expression (Jayaraman and Wood, 2008; Ng and Bassler, 2009 ). However, it is often not clear why different signals are used, especially when they are using a common signal transduction cascade (as is the case in vibrios). Our data suggest that the use of different types of signal molecules might be one of the features that enable V. campbellii to infect different host organisms. Indeed, if the bacterium would rely only on HAI-1 signalling, then it would fail to infect brine shrimp, whereas if it would rely only on CAI-1 signalling, then it would fail to infect giant freshwater prawn. Similar mechanisms might apply to other pathogens using multiple types of signal molecules to regulate virulence gene expression and specifically other Vibrio species, including animal and human pathogens such as Vibrio alginolyticus and Vibrio parahaemolyticus (both of which also belong to the Harveyi clade of vibrios), Vibrio cholerae and Vibrio vulnificus.
Because quorum sensing systems regulate the expression of virulence genes in many bacteria that are pathogenic to plants, animals and/or humans, quite some research effort currently is being directed towards the disruption of quorum sensing as a novel biocontrol strategy (Rasmussen and Givskov, 2006; Janssens et al., 2008; Njoroge and Sperandio, 2009; Pan and Ren, 2009; Galloway et al., 2012; Kalia, 2013) . Our results indicate that for species that use different signal molecules to regulate virulence gene expression it is highly important to study the impact of quorum sensing inhibitors under conditions that are as close as possible to the clinical situation where the inhibitors will be used. Indeed, compounds that specifically target one of the signals (e.g. signal molecule receptor inhibitors) might turn out to have no effect in the host for which they are intended although they were found to work well in a model system (e.g. animal models for human pathogens). Table 2 Vibrio campbellii density in the gut and culture water of giant freshwater prawn larvae after five and eight days of challenge (average AE standard deviation of three replicate plate counts on LB 12 agar with 100 mg l À1 rifampicin). Treatments correspond to those in Fig. 2D .
Treatment
Gut (log CFU/larva) Culture water (log CFU/ml) 3.9 AE 0.2 4.8 AE 0.2 5.7 AE 0.1 6.1 AE 0.0 HAI-1 À AI-2 À RifR 3.8 AE 0.2 4.7 AE 0.2 5.6 AE 0.1 6.1 AE 0.0 HAI-1 À AI-2 À RifR + 1 mg l À1 HAI-1 + 1 mg l À1 AI-2 4.0 AE 0.1 4.9 AE 0.2 5.8 AE 0.1 6.2 AE 0.0
